SUMMARY To ascertain the effects of surgical closure of atrial septal defect on left ventricular geometry and degree of mitral prolapse, 14 patients with atrial septal defect were studied by cross-sectional and M-mode echocardiography preoperatively and 7 days postoperatively. Seven of the 14 patients (50%) had mitral valve prolapse preoperatively by cross-sectional echocardiography. To quantitate the degree of prolapse, we measured the net algebraic area subtended by the apposed mitral valve leaflets in systole (MVAS) with respect to the mitral ring. The mitral valve prolapse group had an MVAS of 0.3 ± 3.1 units (mean ± SEM) preoperatively, while the group without mitral valve prolapse had an MVAS of 12.5 ± 3.1 units (p < 0.02). Postoperatively, prolapse either decreased in degree or was abolished in six of seven patients (86%), associated with an increase in MVAS to 14.7 ± 4.4 units (p < 0.02). In all patients, septal curvature in diastole on short-axis view normalized either partially or completely postoperatively, resulting in decreased left ventricular eccentricity (1.34 ± 0.06 preop vs 1.06 ± 0.07 postop, p < 0.001). Atrial septal defect closure, therefore, leads to normalization of left ventricular geometry and in patients with evidence of mitral valve prolapse, is associated with a decrease in the degree of prolapse.
ABNORMAL LEFT VENTRICULAR shape has recently been demonstrated in patients with atrial septal defect by cross-sectional echocardiography.' 2 This altered left ventricular configuration is produced by a leftward shift of the interventricular septum, apparently in response to right ventricular dilitation. The degree of left ventricular deformity may vary from a slight decrease in the normal septal curvature or septal flattening to total reversal of the direction of septal curvature with resultant bulging of the septum into the left ventricular cavity. The prevalence of reported abnormal left ventricular geometry has varied from 38-100%.1' 2 This variation in prevalence may, in part, be explained by the fact that abnormality in shape has only been assessed qualitatively by visual inspection. Despite this variation in reported prevalence, however, the occurrence of abnormal left ventricular shape in a significant percentage of patients with atrial septal defect appears established.
A high incidence of mitral valve prolapse has also been reported in patients with atrial septal defect.3`9 In ventriculographic studies, this incidence has been approximately 35%. Using phased-array, two-dimensional echocardiography, Lieppe et al.7 found anatomic mitral valve prolapse in 95% of their patients with atrial septal defect. Forty-one percent of these patients had no auscultatory evidence of prolapse, while 37% did not have prolapse by biplane ventriculography. Betriu et al. 6 found that 17% of their patients with atrial septal defect and mitral prolapse on right anterior oblique ventriculography had "silent prolapse." Thus, mitral valve prolapse also occurs commonly in patients with atrial septal defect and is frequently undetected clinically.
The reason for this high incidence of mitral valve prolapse in patients with atrial septal defect remains unexplained. We reasoned that mitral valve prolapse should be due either to some intrinsic abnormality of the mitral valve itself or to some distortion of the left ventricle that affects the closing pattern of the mitral leaflets. Because no pathologic abnormality of the mitral valve has been demonstrated consistently in patients with atrial septal defect, the high incidence of mitral valve prolapse might be related to the distortion in left ventricular shape. If so, an intervention that would tend to normalize the configuration of the left ventricle should be associated with a decrease in the degree of prolapse of the mitral valve. Because abnormal shape is associated with atrial septal defect, acute closure of the defect might provide such an intervention. This study, therefore, examines the effect of atrial septal defect closure on left ventricular geometry and the relationship of changes in left ventricular geometry to the tendency of the mitral leaflets to prolapse. RELATION OF LV SHAPE TO MITRAL PROLAPSE/Schreiber et al.
Materials and Methods
The study group consisted of 14 consecutive patients who underwent surgical repair of atrial septal defect without associated complex cardiac pathology during a 2-year examination period. There were 12 females and two males whose average age was 20 years (range 3-58 years). Twelve patients had ostium secundum atrial septal defect, of whom two had associated valvular pulmonic stenosis of mild and moderate severity. Two patients had ostium primum defects, one of whom had associated cleft mitral valve. Preoperative hemodynamic studies were available on each patient (table 1) The degree of deformity of the ventricle was then expressed as the ratio of these two axes, where e = b/a. If the ventricle is circular, these two axes will be equal and "e" will equal 1. As the septum shifts leftward toward the posterior wall, however, "a" will become shorter relative to 'b' and the value for "e" will increase. The greater the value of "e," therefore, the greater the degree of deformity of left ventricular shape ( fig. 1 ).
To analyze mitral leaflet motion and geometry to detect the presence and severity of mitral valve prolapse, long-axis views of the mitral leaflets and mitral ring were obtained ( fig. 2 ). Because prolapsing motion of the mitral leaflets is motion relative to the plane of the mitral valve ring, this particular spatial plane was initially defined. The mitral valve ring by definition lies in the plane of a line connecting the aortomitral junction anteriorly and the atrioventricular groove at the insertion of the posterior mitral leaflet posteriorly. The mitral ring dimension was determined as the length of this line at end-diastole. To quantitatively study the systolic geometry of the mitral valve in respect to the mitral ring, we introduce the acronym MVAS (mitral valve area subtended) to denote this parameter.
Mitral valve segments located on the ventricular side of the mitral ring, by definition, subtended positive areas. Prolapse occurred, by definition when any part of the mitral valve in systole was situated on the atrial side of the ring. The area that the prolapsing segment subtends with respect to the mitral ring is by definition negative and the MVAS in such a case will equal the sum of the area subtended by the nonprolapsing segments (positive) and the prolapsing segment (negative). Should the area of the prolapsing segment be exceeded by that of the nonprolapsing segment, MVAS will be positive, yet mitral valve prolapse will nonetheless exist. As the degree of prolapse increases, MVAS approaches zero, and when the area subtended by the prolapsing segment exceeds that of the nonprolapsing segment, MVAS becomes negative. MVAS therefore does not define the presence or absence of prolapse, but rather indicates dicates a decreased tendency to prolapse acutely after atrial septal defect repair, for the group as a whole. Preoperatively, the mean MVAS in the seven patients with prolapse was 0.28 ± 3.12 units, which was significantly less than the mean for the group without prolapse (12.5 ± 3.10 units, p < 0.01). No direct relationship was demonstrable preoperatively between MVAS and "e." The two patients with the greatest degree of prolapse were also those with the greatest preoperative eccentricity (patients 3 and 4).
Good correlation between the tendency to prolapse (MVASI) and the Qp/Qs ratio was observed (r = -0.70). This apparent negative regression of MVASI on Qp/Qs is illustrated in figure 4 The explanation for the discrepancy in normalization rates between our study and other studies is not clear. The likelihood of normalization of septal motion after atrial septal defect repair may in part be related to the duration of the shunting, i.e., the patient's age at operation. Ten of 14 patients in our series were 23 years or younger, and eight of these were 8 years or younger. All of the patients in the series of Meyer et al.'5 were in the pediatric age range, and they had a relatively high rate of normalization of septal motion. However, the three oldest patients in our study also had postoperative normalization of septal motion. An alternative explanation may be that whereas M-mode echocardiography only images a small segment of the septum and hence records motion of only an isolated and frequently selected area, the cross-sectional technique permits the entire interventricular septum to be viewed in the short-axis projection, and, consequently, the net motion of the entire septum in this plane can be assessed. M-mode echocardiograms in some of our cases showed abnormal postoperative septal motion in the selected areas recorded, while cross-sectional, short-axis views 894 CIRCULATION RELATION OF LV SHAPE TO MITRAL PROLAPSE/Schreiber et al.
showed normal overall septal motion. Further, the widely varying prevalence rates of abnormal septal motion reported after defect repair may in themselves support the hypothesis that by selecting limited areas of the system the M-mode may not truly reflect the general pattern of septal motion.
Chamber Dimensions All 14 of our patients had abnormal RVIDIs preoperatively. After atrial septal defect repair, RVIDI decreased significantly and acutely, but with the exception of one patient, postoperative RVIDI still remained above the upper limit of normal. This finding confirms previous reports'5' 17 18 and may be explained by chronic changes in right ventricular systolic and diastolic function induced by longstanding interatrial left-to-right shunting.
We found that LVID increased acutely after defect repair, but this finding was not statistically significant at the p = 0.05 level. Wanderman et al.,'7 however, compared mean LVID in 13 patients with repaired atrial septal defect with a group of 10 patients with unrepaired atrial septal defects, and found a significantly larger LVID in the former group (p < 0.001).
Our cross-sectional and M-mode echocardiographic data indicate that short-axis left ventricular geometry normalizes soon after atrial septal defect repair. Presuming that the long axis of the left ventricle at end-diastole does not diminish postoperatively, total left ventricular volume can also be expected to increase after atrial septal defect repair. No significant changes in left atrial dimension, however, could be demonstrated by our study.
Mitral Valve Coaptation Geometry
We report herein, for the first time, a quantitative method for assessing the geometry of the closed mitral valve in systole, using cross-sectional echocardiography. MVAS measures the tendency of the valve to prolapse. As MVAS approaches zero or becomes negative, the overall position of the opposed mitral valve is relatively more atrial, and therefore less ventricular, and the valve has an increased tendency to prolapse. We found that repair of the atrial septal defect was associated with a significant increase in MVAS for the 14 patients. This implies that termination of the interatrial shunt is associated not only with normalization of left ventricular geometry, but also of systolic mitral valve geometry and a decreased tendency toward prolapse.
Repair of the defect led acutely to either significant amelioration or complete abolishment of prolapse in six of seven patients. Remarkably, the one patient who did not show amelioration in the degree of prolapse still had significant deformity of left ventricular geometry after defect repair (patient 3, e = 1.23 postop).
Cross-sectional echocardiography appears to be superior to both ventriculography and M-mode echocardiography for the study of mitral valve geometry.", 19 Ventriculography cannot differentiate among structures that are situated colinearly in the path of the x-ray beam. Right anterior oblique ventriculography often cannot identify the anterior mitral leaflet, as this structure overlaps with the posterior leaflet and aortic root in this projection.20 Conversely, M-mode echocardiography, which has excellent axial resolution, has no lateral resolution. In certain instances of mitral valve prolapse, the prolapsing segment may only have a superior component to its displacement. In these cases, if the M-mode echo beam is directed straight posteriorly (as standard methods for the M-mode examination of the mitral valve prescribe21), the prolapse will be missed completely and only drop-out of echoes may be recorded. Isolated anterior leaflet prolapse is an example of such an instance.
Long-axis, cross-sectional echocardiography is presently the only noninvasive technique that can image both mitral leaflets in systole along their long axis. This technique has good axial and lateral resolution, and can be used quantitatively, as we have described above. We thus believe that cross-sectional echocardiography is the best technique presently available for in vivo clinical study of mitral valve geometry.
Incidence and Possible Mechanism of Mitral Valve Prolapse in Atrial Septal Defect
We found prolapse preoperatively in 50% of our 14 patients; it was present in 67% of six adult patients and in 38% of the eight pediatric patients. The pattern was anterior leaflet prolapse only in five of seven patients and prolapse of both mitral leaflets in the remaining two patients. Our overall incidence of prolapse in atrial septal defect is considerably smaller than the 95% figure that Lieppe et al.2 reported. Eight of our 14 patients were children and in this pediatric age group we found an incidence of only 38%. Lieppe's group was predominantly adults, and our 66% incidence of prolapse in adults more closely approaches theirs. We have found a direct relationship between the magnitude of interatrial shunting (Qp/Qs) and the tendency to prolapse (MVASI). Although we cannot presently supply conclusive data to support it, an attractive hypothesis to explain the apparently greater incidence of prolapse among adult atrial septal defect patients compared with pediatric patients might be progression of the magnitude of the shunt with age.
Current speculations regarding the relatively high incidence of mitral valve prolapse associated with atrial septal defect center on two hypotheses22: 1) anatomic manifestations of a common, single connective tissue defect on a congenital basis and 2) acquired abnormalities of left ventricular geometry.
We have reported that atrial septal defect repair leads acutely to amelioration of abnormal left ventricular geometry and to a decrease in the degree of prolapse. Further, patients with large Qp/Qs ratios had a greater likelihood of mitral prolapse preoperatively. Thus, the mechanism of mitral valve prolapse in atrial septal defect is related to abnormal left ventricular geometry attendant on left-to-right interatrial shunting. 
